Gas hydrates, inclusion compounds of water and gas molecules, form at low-temperature and high-pressure conditions. Gas hydrates offer an untapped and potentially significant resource of energy 1 and could help mitigate global warming through long-term CO2 storage. 2 However, gas hydrates can block pipelines, causing production disruption and adverse environmental impact. [3] [4] [5] To manage gas hydrates, chemicals known as hydrate inhibitors are often used.
Thermodynamic inhibitors (TIs), such as methanol and ethylene glycol, shift the hydrate stability conditions to higher pressure and lower temperature. Although TIs are effective, high concentrations (up to 50 wt% of the water present in the systems) are necessary to prevent hydrate formation. 6, 7 In contrast, low dosage hydrate inhibitors (LDHIs) can be effective at concentrations as low as 0.5 wt%, but their mechanisms of action are not completely understood.
Anti-agglomerants (AAs), usually surfactants expected to adsorb at water-oil and/or hydrate-oil interfaces, 8 are a class of LDHIs. AAs inhibit the hydrate agglomeration process, [9] [10] [11] [12] but it has been suggested, [13] [14] [15] yet not confirmed, that AAs could potentially affect the hydrate-growth process. Among others, Karaaslan et al. 15 reported experimental data according to which cationic surfactants promote or delay hydrate growth, depending on their concentration. The molecular mechanisms responsible for these observations are not understood.
To identify and quantify such molecular mechanisms, we report here classic molecular dynamics (MD) simulations used to monitor the growth of a hydrate seed in the presence of selected AAs at a fixed surface density of 0.44 molecules/nm 2 . Figure 1a shows a schematic for the simulated system. We systematically changed the AA molecular features, focusing on AAs that yield different performance in preventing hydrate agglomeration in laboratory experiments. 9 One of the AAs chosen for the present work (S4) shows good performance, and one (S8) shows poor performance. Experimental data are not available for the third AA (S1). The three AAs have 4 one large hydrophilic head group and three hydrophobic tail groups. The difference in performance is apparently only due to the length of the short hydrophobic tail, highlighted in Figure 1b . The AAs that show good performance have a short tail of four carbon atoms, those with poor performance eight carbon atoms. During our simulations we monitor the growth of the hydrate seed (Figure 1a ) by quantifying the evolution of the F4 order parameter, as calculated for the water molecules in the system. 16 Additionally, we analyze the free-energy landscape as well as free-energy profiles experienced during hydrate growth by implementing the metadynamics framework 17 and the umbrella sampling algorithm, 18 respectively. We monitor several molecular-level properties during the simulations. Details regarding simulation models and algorithms are reported in Supporting Information (SI).
Our results, for the first time, demonstrate that AAs affect the hydrate growth process by means of their short alkyl tails and highlight the possible molecular mechanisms of action of these surface-active chemicals. Perhaps surprisingly, our simulations reveal that those AAs showing good performance in flow assurance can promote hydrate growth. They appear to do so by embedding their short alkyl tails within the growing hydrate crystal. The embedded tails stabilize the newly formed hydrate cages, which prevents adsorbed methane from escaping the hydrate structure. Our simulations also show that hydrate growth can be hindered by the AAs when the film of AAs formed at the water-hydrocarbon interface provides an effective barrier to methane diffusion from the hydrocarbon phase to the growing hydrate seed. The results obtained can have important implications in understanding the mechanism responsible for the performance of AAs in flow assurance. Additionally, the ability to promote hydrate growth could be exploited for promoting gas hydrate formation to boost high-tech applications, such as natural gas storage [19] [20] [21] and seawater desalination, 22, 23 among others. Note that at the end of the growth process, some water molecules are disordered at the hydratehydrocarbon interfaces.
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We first conducted simulations on systems without AAs. Simulation snapshots representing the final configurations of the hydrate grown at 277 K and 267 K (Figure 2a and 2b, respectively), as well as quantitative results in terms of the evolution of the ratio of water molecules in the hydrate substrate over the total number of water molecules (Figure 2c ), show that the hydrate seed grows faster and that the water-to-hydrate conversion reaches higher values at lower temperatures (almost 80% of the water available is converted to hydrate at 267 K vs.
only 50% at 277 K). It is worth noting that the three-phase equilibrium conditions for methane hydrates using the TIP4P/Ice model for water are ~283 K at 10 MPa and ~293 K at 40 MPa, both of which underestimate the experimental melting temperatures by ~3-4 K. 26 Therefore the threephase equilibrium temperature corresponding to the pressure of 20 MPa in this study is expected to be between 283 K and 293 K. Thus the conditions chosen in this study are well within gas hydrate stability zone and correspond to sub-cooled systems. We refer to the SI ( Figure S1 ) for details regarding the identification of water molecules in liquid or hydrate form. The higher growth rate at lower temperature is consistent with experimental observations, which show that such rate is proportional to subcooling. [27] [28] [29] Our results show that some of the water molecules present in the simulated systems remain disordered at the hydrate-hydrocarbon interface at the end of the growth process. This is because of the presence of a "quasi-liquid" interfacial layer.
According to Aman et al., 30 the thickness of the quasi-liquid layer h depends on temperature as
In Eq. (1), T0 and T are the hydrate melting temperature and the system temperature, respectively. From Eq. (1), it is expected that the lower the temperature, the thinner the quasiliquid layer becomes, which is consistent with the results shown in Figure 2c . Figure 1b shows the AA molecular structure details.
9 Simulations similar to those described in Figure 2 were conducted for systems in the presence of AAs. Figure 3 shows the results obtained. Compared to the system without AAs, at 277 K the presence of AAs lowers the hydrate growth rate in the early stage of the simulations (t < 1 s) (Figure 3d) . Our results suggest that these results are due to the fact that in the system without AAs, methane accumulates at the water-oil interfaces (Figure 3a and Figure S2 of the SI). The availability of methane in relatively large concentrations near the growing hydrate seed provides a high driving force for growth. 4, 31 Our results suggest that the concentration of methane near the center of the water film near the growing hydrate does not depend on the AAs ( Figure S3 of the SI). As the observation time increases to 1 < t < 2.2 s, our results show that the growth rate plateaus. We observe that S4 AAs promote faster hydrate growth compared to S1
and S8 AAs. The amount of water converted to hydrate at the end of the simulations increases in the order S4 AAs > S8 AAs ~ no AAs > S1 AAs. From these results, it appears that S4 AAs promote hydrate growth, perhaps by stabilizing the hydrate structure. To clarify this possibility, we conducted additional simulations at 300 K. In these simulations, the methane hydrates obtained at the end of the growth simulations at 277 K are allowed to dissociate. Our results ( Figure S4 ) indicate that the dissociation process is the slowest in the presence of S4 AAs. We conclude that S4 AAs can stabilize the hydrate structure, thus yielding higher growth rates and delaying hydrate melting compared to S1 and S8.
Compared to the results obtained at 277 K, the growth rates at 267 K are higher for all systems (Figure 3e ). For the most part, the trends discussed for 277 K holds for the 267 K simulations. The exception is the system with S1 AAs, in which case the simulations show the formation of an ordered, highly packed AA film at the water-oil interface ( Figure S5 of the SI)
at the early stages of the simulations (at ~500 ns). The formation of these ordered AA layers is temperature dependent. [32] [33] [34] The molecular structure of this AA film is similar to that discussed previously. 9 We expect these ordered interfacial AA films to delay the transport of methane from the hydrocarbon phase to the aqueous film near the growing hydrate, perhaps affecting hydrate growth as suggested by the results shown in Figure 3 . Our results confirm that S4 AAs promote faster hydrate growth compared to S1 and S8 AAs at the early stages of growth (less than ~1.5
s) even at 267 K. However, because of the formation of the ordered AA layer at the interface (Figure 3c) , the final water conversion to hydrates in the presence of S4 is lower compared to that obtained in the presence of S8 AAs.
The results discussed so far suggest that S4 AAs promote hydrate growth. Because the only difference among the three AAs considered here is the length of the short tails, it is possible that the n-butyl short tail interacts with the growing hydrate. Visual inspection of simulation snapshots, such as those shown in Figure 3c , reveals that indeed several n-butyl short tails penetrate the hydrate cages as the hydrates grow. Two fundamental questions stem from this qualitative observation: (1) why do the butyl tails penetrate the hydrate cages and (2) how are such molecular phenomena connected with the observed differences in hydrate growth rates.
To address the first question, well-tempered metadynamics simulations (WTM) were conducted. This protocol allows us to estimate the free-energy landscape sampled by the methyl group of one n-butyl short tail as it shifts from one location to another near or within the growing confirms that the n-butyl tails of S4 AAs favorably integrate with the growing hydrate substrate.
More details on the free energy differences are reported in SI ( Figure S6 ).
With the aid of molecular distributions and molecular structure for both water and methane molecules surrounding the alkyl tails ( Figures S7 and S8 of the SI), we concluded that the incorporation of the butyl tails of S4 AAs into the hydrate does not perturb the hydrate structure.
Instead, the n-butyl tails behave like guest methane molecules in the unperturbed hydrate. On the contrary, the methyl tails of S1 AAs, which are short and connected directly to the bulky hydrophilic head group, perturb the hydrate structure ( Figure S7 and S8 of the SI). S8 AAs show moderate effects on the hydrate growth because the relatively long alkyl tails of S8 AAs preferentially interact with the oil rather than the water molecules. Based on previous investigations, 12 and consistently with the proposed interpretation of experimental results, we suggest that when the short AAs tails penetrate and stabilize the growing hydrate crystal, the
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AAs firmly attach to the hydrate surface, which should interfere with and prevent subsequent agglomeration processes. To quantify how the interaction of the AAs tails with the hydrates relates to the observed growth rates, we implemented the umbrella sampling algorithm to calculate the PMF profiles experienced by one methane molecule moving from the growing hydrate surface to the bulk alkane phase. Details of the simulation protocol are reported in SI. The results of these calculations are shown in Figure 5 and discussed further in SI. It is worth noting that the hydrate growth process is somewhat stochastic (Figure 3d ) because of the competitive effects between the adsorption and desorption of methane at the hydrate growing interfaces. For example, once the methane molecules have approached the hydrate surface, they can diffuse back to the bulk water and perhaps to the alkane phase. The results in Figure 5 show that the presence of the nbutyl tail next to the tagged methane molecule noticeably increases the depth of the free-energy basin (E0 ~ -7.1±1.6 kJ/mol) near the growing hydrate surface, which is expected to favor hydrate growth. The energy barrier for desorption of methane from the hydrate surface, E0 + E1, highlighted in Figure 5 , decreases from ~19.4±0.6 kJ/mol near the n-butyl tail, to ~12.5±0.8 kJ/mol in the absence of it. These results suggest that it is more difficult for methane molecules to desorb from the growing hydrate surface in the presence of the n-butyl tails. This could lead to faster growth rates in the presence of S4 AAs. estimated from bootstrap analysis implemented in GROMACS. 35 In conclusion, we employed atomistic MD simulations to quantify the hydrate growth of methane hydrates in the presence of surfactants used as AAs. The AA molecules considered here contain amide and tertiary ammonium cation groups and have two n-dodecyl tails and one short alkyl tail. The length of the short tail strongly affects the performance of these AAs, according to experimental laboratory observations reported elsewhere. 9 Our molecular simulations were analyzed in terms of evolution of the ratio of water in hydrate to total water, free-energy landscapes, the structure of water and methane around the short alkyl tails, and potential of mean forces. Surprisingly, we determined that the adsorption of AAs at the water-oil interface can affect the hydrate growth, according to two different mechanisms. As an inhibition effect, AAs can reduce the concentration of methane at the interface, which lowers the driving force for hydrate growth. This effect is more pronounced when the interfacial AA layers become highly ordered and packed. As a growth enhancement effect, AAs with short n-butyl tails can stabilize cages near the growing hydrate. The results reported here are crucial for quantifying the hydrate growth mechanism in the presence of AAs, which could be exploited for designing new active compounds with hydrate-promoting or hydrate-inhibiting characters for different applications.
However, hydrate growth in the presence of AAs is strongly dependent on temperature. The simulations conduced here were for sub-cooled systems. Should the temperature be increased, methane solubility in water decreases and the self-assembly of AAs at the water-hydrocarbon interface yields less-ordered structures. Should the temperature be decreased, molecular diffusion slows down, and it is possible that both hydrocarbons and surfactants undergo phase transitions.
All these phenomena, and potentially others, affect the hydrate growth rate.
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